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Abstract—We describe the performance characteristics and fre- simplifying assumptions, we estimate the stability that could be
quency measurements of two high-accuracy high-stability laser- achieved with cold atom optical frequency references. We then
cooled atomic frequency standards. One is a 657-nm (456-THz) ref- ageripe our femtosecond (fs) mode-locked laser-based optical
erence using magneto-optically trapped Ca atoms, a_nd the o_ther is f . tem that th t t d
a 282-nm (1064-THz) reference based on a single Figon confined requency measu”ng__sys em that uses the recent concepts an
in an RF-Paul trap. A femtosecond mode-locked laser combined developments from Hansch and collaborators, and Hall and col-
with a nonlinear microstructure fiber produces a broad and stable laborators [1], [58]. This system was recently used to measure
comb of optical modes that is used to measure the frequencies ofthe frequency of the two optical standards relative to the Cs pri-
the reference. lasers locked to the gtomic standards. The measure-mary frequency standard at NIST. Questions of absolute accu-
ment system is referenced to the primary frequency standard NIST h . . . .

F-1, a Cs atomic fountain clock. Both optical standards demon- racy of thg optical standards W'I! require detailed evaluathn of
strate exceptional short-term instability (=5 x 10~ at 1 s), as Systematic errors and uncertainties that can only be done with the
well as excellent reproducibility over time. In light of our expecta- comparison of multiple standards. This will have to wait for the
tions for the future of optical frequency standards, we consider the fyture, but the femtosecond optical combs now provide a conve-
present performance of the femtosecond optical frequency comb, piant means to make direct intercomparisons between different
along with its limitations and future requirements. - .
optical standards as well as a coherent connection between the
RF and optical domains. Due in large part to this new measure-
ment capability, research groups around the world are pursuing
PECTRALLY narrow optical transitions in atoms and ionsptical frequency standards with renewed enthusiasm.

robed by stable lasers are now emerging as the next genemwe also consider some fundamental and practical limits to
ation of high-accuracy, high-stability frequency standards. Thige performance of our femtosecond optical frequency comb.
principal advantage of optical standards over their well-knowrhe stability and projected accuracy of the optical standards put
microwave counterparts is the higher operating frequency; tigingent requirements on the performance of the optical fre-
opens the potential for orders of magnitude better frequengyency metrology. Nonetheless, these systems already allow us
stability, in principle, by the ratio of the operating frequencieg, explore a regime of atomic frequency stability that is well be-
Joptical/ fmicrowave ~ 10°. With innovative developments of theysng what has been possible with microwave atomic standards.
past few years, including very stable lasers and a new practicai, general goal of this paper is to provide a status report

method for counting optical frequencies, it appears that we N 6 ranidly changing state of our field. At this point, we can
have the tools to realize the potential of optical frequency ref'?srélfely predict that the present results will soon be outdated. This

en\?\?esi‘ocus here on two different optical frequency standarc{%trmy a revolutionary time for atomic frequency standards and
. i leasurements. We are just beginning to experience the tremen-
one is a 657 nm (456 THz) standard usi@0’ laser-cooled ] 9 9 P

Ca atoms, and the other, a 282-nm (1064-THz) standard usindoéjs advances in stability and accuracy that were previously

single trapped and laser-cooledHign. After briefly describing magined, l_)ut_wh|ch were not pOSSIb|e_ tp explore unt|l_now. .
i : . The rapid improvements are reminiscent of the jump in
the operation of these standards, we outline their present per- . : . .
ccuracy that occurred with the pioneering work of Jennings

formance and provide a glimpse at their future potentiaI.WitZ} al. in 1983, when they first demonstrated that optical

frequencies could be measured using a harmonic frequency
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almost two orders of magnitude in just two years. Moreover, the 2p 199HgJr
femtosecond mode-locked laser-based measuring systems are 12 <
also more practical to use. Historically, new optical-frequency

measurements had been reported every few years; but in the

. . . . . . . 194 nm
brief time since the introduction of octave-spanning optical-fre-
. . Observe ¥
quency combs in 1999, more than ten new optical-frequency f
measurements have been reported. uorescence Clock
Il. LASER-COOLED ATOMS AND |IONS ASOPTICAL ATOMIC F=1:';‘ )
FREQUENCY REFERENCES F=0 Sin

We are presently developing two optical frequency standards. ) )
Both have been described in detail previously [4], [5], [52] s%'g' 1. Hg" energy-level diagram.
we include only a brief description here. IP, (4s5p)

A. lon Considerations

Trapped ions, particularly single laser-cooled ions, have nu- P, (4s4p)
merous advantages as optical frequency standards and clocks
[6], [7]. Most importantly, ions can be confined in an RF trap 423 nm “cooling”
and laser-cooled such that the amplitude of the residual motion ~ Ay=34 MHz
is much less than the optical wavelength of the probe radiation
(the so-called Lamb—Dicke limit). This nearly eliminates the ve-
locity-dependent Doppler broadening and shifts associated with
motion of the ion relative to the probing radiation. Ina cryogenigy > ca energy-level diagram.
environment, the ion is nearly unperturbed by atomic collisions,

and the effects of blackbody radiation are also very small. Thgs \ye|l-established techniques of laser cooling and trapping,
storage time of a single ion in a trap can be months; henggey are fairly easy to confine and cool to low temperatures.
the probe.lnteractlon time is not constrained, which permits Sowever, in contrast to ions, the trapping methods for neutrals
tremely high€) resonances to be observed. All of these factofyyrh the atomic energy levels, which is unacceptable for use
are critically important if we hope to achieve the highest acciy; 4 frequency standard. To avoid the broadening and shifts asso-
racy. _ _ _ ciated with the trap, neutral atoms are released from the trap be-
The technical challenges of making an optical frequengyre he clock transition is probed. The atoms fall from the trap
standard based on a single ion are formidable, but single-igRqer the influence of gravity and expand with low thermal ve-
standards have now been achieved in a handful_ of Iabora'toq@aties (typically a few centimeters per second). The resulting
around the world [8], [9]. AtNIST, we are developing an opticakiomic motion brings with it serious limitations in accuracy (and
frequency standard based on a single trapp€tHg™ ion. qyen stability) that are associated with velocity dependent fre-

The performance of this standard is immediately competitiyg,ency shifts. Two of the more troublesome effects are the lim-

with the performance of the best microwave standards and hag| gpservation time, and the incomplete cancellation of the

the potential to surpass those standards in terms of stabilist order Doppler shift associated with wave-front curvature
frequency I’i%l’OdUCI_blht)_/, and accuracy. andk-vector mismatch. These motional effects pose serious lim-
A single "’Hg" ion is trapped in a small RF Paul trapiations to the ultimate accuracy that might be achieved with
(=1-mm internal dimensions) and laser-cooled to a few Miketra| atoms in a gravitational potential. Reduced observation
likelvins using 194-nm radiation. The relevant energy 1eveifyes jimit the line€), the stability, and the accuracy. However,
for the cooling and clock transitions are shown in Fig. 1. Aeytral atoms do have at least one significant advantage, namely
highly stat_)lhzed dye laser at 563 nm with a linewidth of lesg, ¢ large numbers of atoms can be used, producing a large SNR
than 1 Hz is frequency doubled to 282 nm (1064 THz) to probg 5 short time, and the potential for exceptional short-term sta-
the clock transition [10]. Measured linewidths as narrow as 6yjit,
Hz on the 282-.nm t_rans?tion have recently b_een re!oorted_ [11].The atomic Ca optical frequency standard is one of the
For an averaging time in seconds, the projected instability,omising cases, because it has narrow atomic resonances that
of an optical frequency standard using a single"Hgn is e reasonably immune from external perturbations, itis readily
<1 x 107~/ and fractional frequency uncertaintie§,ser-cooled and trapped, and it is experimentally convenient

1D, (4s3d)

657 nm “clock”

1S, Av=400 Hz

approaching Ix 10~** seem feasible [12]. because the relevant transitions are accessible with tunable
_ i diode lasers [5]. A simplified energy-level diagram is shown in
B. Neutral Atom Considerations Fig. 2.

Some neutral atoms also have narrow optical transitions thatA frequency-doubled diode laser tuned to the 423-nm transi-
are relatively insensitive to external perturbations and are thiitsn cools and traps about 1@a atoms in a magneto-optical
attractive as optical frequency standards [13]. Neutral atorimap (MOT) in about 5 ms. The cooling radiation is turned off,
have some advantages and disadvantages relative to ions. Uaimg) an injection-locked and stabilized diode laser at 657-nm
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(456-THz) probes the clock transition with the separated exci-

tation method of optical Ramsey fringes [14], [15]. The actual 16"
excitation technique we employ is the 4-pulse traveling wave
method introduced by Bordé [16], [17]. Optical fringes with a
high SNR are observed using shelving detection on the cooling
transition. The measured fringe widths depend on the Ramsey
time of the probe field and range from 200 Hz to 11.5 kHz. The
present Ca standard can provide short-term fractional frequency
instability of about 4x 10~%7~1/2 using 960-Hz wide fringes 10
[18]. With modifications to the apparatus and lower tempera-

ture Ca atoms, we estimate that this system should reach insta-

bilities of about 1x 10-167—1/2_ Until recently, we have not

focused much attention on controlling, or evaluating, the sysig.3. Measured frequency instabilities (given as the Allan deviation) of some
tematic frequency shifts in our Ca standard. With the advemgh-quality standards, including (from upper right to lower left) the ‘H-maser_
offemtosecond-opical-frequency-metrology (discussed beloffE%, o o4 cPiea heauency messurement, tre LETE C= atore fourtan
and the close proximity (180 m of optical fiber distance) of th&andard compared to the Ca reference cavity [10], and two optical cavities used
Hgt standard and the Cs fountain standard, we can now mdiehe Hg™ optical standard [18].

high-accuracy inter-comparisons and begin to study the system-

atic effects that will ultimately determine the accuracy. We arBhis expression assumes a sinusoidal fringe shape with 100%
just beginning this evaluation process and, as might be antiepntrast, a fringe-width given in terms of the Ramsey tifizg
pated, the velocity-dependent frequency shifts appear to be the optimum transition probability at resonangg = 1, and
most challenging to control. With our present experimental afhe optimum detuningo = (Ar;am)/2 for maximum slope. In
paratus, which has not been optimized for accuracy, we assigast real experiments, these ideal conditions are not satisfied,
an uncertainty to our Ca optical frequency standard®6 Hz and so the instability is greater than that predicted. Thus, for a
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at 456 THz [19]. sinusoidal fringe shape but with reduced contfastpy < 1, a
FWHM linewidth Ay, and a nhominal detuning from resonance
[Il. STABILITY REQUIREMENTS AND POTENTIAL 60, we define a lineshape slope factor
Fractional frequency uncertainties as small ag 1.0~18 C = posin[rdy/Av].

have been predicted for single trapped-ion optical standards _ _ N
[12]. This ambitious goal is three orders of magnitude beyoridnis leads to the following form for the instability:

the present state of the art frequency standards and brings to
focus many technical challenges that will need to be addressed. , () _ Av pr(l—p4)+p-(1—-p-) [Tc
For the next generation of atomic clocks to reach this level of * Crig No T

accuracy, this will require exceptional short-term stability.
We can estimate the short-term stability that is achieva
with atomic standards under the simplifying assumptions t
the frequency noise of the local oscillator (in this case thﬁ
stabilized laser) can be neglectedind that we can achieve!
atom projection-noise-limited detection [21], [22]. The st

fere.py andp_ are the transition probabilities for the two sides
:githe line at nominal detuning from resonanté,.

If the cycle timeT. is significantly larger thari/Av, then

ere is excess dead time in the measurement cycle and the sta-
bility is degraded. This is often the case in present day standards

bility, or rather instability, is most commonly expressed as t gcause of the ime required for laser cooling and irapping, or

two-sample Allan deviation which, as outlined in the Appendi%yaiting for an (_excited stat_e to decay, or because long detection
gives the fractional frequency instability as a function of thgmestra]\re requw?d to a(;hle\l{e fatldequate S.NRS' the |
averaging timer. We assume an atomic resonance centered a{n e projection noise limity, () varies as the inverse

frequencyr, with linewidth A (FWHM), and that the system Square root of the averaging time which means that to

uses the Ramsey separated-fields method with Ramsey tiFﬁ@Ch high accuracy in a reasonable _time, we require excellent
Tgr, and detect®N, atoms on one side of the atomic resonanc hort-term stability. qu exa.rT‘P'e' high-quality qul?rtz-based
A full measurement of both sides of the atomic resonance i cal os'cnlators have _|nstab|I|t|$as of about 1.0 ’."?“.‘d
determines the line center, and is completed in a cycle Time thus, microwave atomic _fount_a|r_1 CIOCI.(.S h_ave m.Stab'“t'eS of
Under these assumptions and the analysis of the Apben ﬁUtflx 10_1_37_;”2' W'tE E{E's_ |nstab|l|t}{/ it reqltnr_ef alt_)o%it t
the fractional frequency instability for an atomic frequency ref- of averaging 1o reac €Ir present uncertainty fimit a

— —15 i —15
erence (given by the Allan Deviation) can be written as .Nl X .%0 L Our optical standards can reash_L x 10
instability in about 10 s and have the potential to go well

ST ems Av Te beyond this. (Methods to improve the short-term instability
)= of microwave atomic standards are also being pursued [23],
[56], but from the perspective of an outsider it appears to be an
IThis is & reasonable assUMfi uephill battle compared to what is already possible using optical

ption based on results of [7]. We note that exgel

lent short-term instabilities have also been achieved with microwave oscillat(ff.?quenc'_els') Fig. 3 shows the short-term 'nStab'“ty of some of
using cryogenic sapphire resonators [20], [53], [54]. high stability frequency references.

Ty\T _— = .
y( 0 T 2N07'
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To reach a fractional frequency uncertainty ofx110~18 ;
in a reasonable averaging time (i.e., one day), it will re 3
quire short-term instabilities of the atomic reference ¢ ;. 1777 7------ --E i ey
~3 x 10716712 However, if we are limited to quartz- s @ — o L WFU 880 mive
based local oscillators, we will start averaging at abol '_'1;'_::'" L o T {5 10HE §
1 x 10~37~1/2 and will require an impracticat = 10'° s :

o
-

I 1
(=300 year) to reach X 1018, b S A "
Since the atomic frequency instability scaled A=, all else i e ey
being equal, the shift from microwave to optical frequencie 'I T______. | ot | —

should improve the short-term stability by a factor of 10hus, [
we can imagine future optical standards using optical lattic §

. . . . . ll I J;

or atomic-fountain methods (similar to those used in today ¥

microwave fountain clocks) with linewidths of about 1 Hz ant Pumgp Powes | [ 4

10° atoms, detected every 0.5 s. Theoretically, these syste Conpal | i

could support an instability, (1) ~ 2 x 10~'97~%/2, This

simplistic estimate ignores significant complications that wi

degrade the performance. Nonetheless, it promises that in the

years ahead there will be plenty of room for improvement usnf 4. Femtosecond-laser-based optical “clockwork” with a one gigahertz
repetition rate. The output of the mode-locked Ti:sapphire ring laser is

optical frequency standards. broadened in a microstructure fiber. The IR portion is then frequency-doubled

(SHG) back to the green using KNb@nd recombined with the original green
from the fiber. This produces a signal at the offset frequelfigythat is locked
to the H-maser via the electrooptic modulator in the pump beam. A second

The breakthrough demonstration in 1999 by the Hanséﬁrvo system drives the PZT on the ring cavity to control the repetition rate

group [24], [25] at Max-Planck-Institut fir Quantenoptik
(MPQ), Garching, showing that femtosecond mode- Iock%

IV. FEMTOSECONDOPTICAL FREQUENCY METROLOGY

lasers can be used to span large optical frequency inter Agcr[lifa]d \-/rvnhstwt:ea[re;rlrjwlgtggrsofhleczl gzmb g::tvmvggﬁs';h%arrhgdees
accurately, has resulted in a total redirection of the field P P 9
ven by the pulse repetition ratg.,,, and the offsetf,. The

optical frequency measurements. With the result from JILA ar?d

MPQ, showing that nonlinear microstructure fibers can n [equency of any mode of the optical comb can be written as:
(Z{V = fo +m e f.,, Wherem is an integer.

extend the frequency comb to over an optical octave of discr

he repetition ratd,.,, is easily detected in a fast photodiode
resolvable lines [26]-[28], means that essentially any optic rep
v ! [26]-{28], 1ally any opt t%t monitors light coming out of the microstructure fiber. The

frequency can be measured with a fairly simple system. Than set frequencyf, can be detected using the “self-referencing”

to their efforts, we now have a practical optical * ‘clockwork™® ?thod developed at JILA and MPQ [26], [28]. This method is
that can be used to count optical frequencies, and divide optlcF'\
own schematically in Fig. 4. The infrared portion of the op-

frequencies down to countable microwave frequencies. All the

necessary ingredients are now in place for the next generatio ﬁiln%orzgégﬁg |h1£g|(l]£)n§))cfrrogt]atlr;§ ”gﬁreorzttgjﬁtftea?gzg'i:;e'
of optical frequency standards and clocks. y y 9 9

which is then recombined (after an optical delay line) on a pho-
todiode with the 520-nm light generated in the microstructure
fiber. The resulting beatnote gives the desired offset frequency
Our version of the stabilized optical frequency comb is based
on a 1-GHz repetition rate mode-locked Ti: sapphire ring laser fo=2(fo+me fiep) — (fo+2me frep).
[29] and a nonlinear microstructure fiber [30], [31], [56]. The
system is shown schematically in Fig. 4, while more detall
can be found in [32]. The laser produce®5-fs pulses with a B+ Optical Frequency Measurement Results
spectral bandwidth 0&£30 nm (3 dB) centered at 800 nm. Our femtosecond-laser-based optical clockwork was pre-
When approximately 600 mW from the laser is focused intovaously used to measure the absolute frequencies of both the
10-20-cm length of microstructure fiber (core siz&.7 um), Hg' standard and the Ca standard relative to the definition of
the transmitted power is about 300 mW. The fiber broadens ttie second as realized by the Cs primary frequency standard at
comb to just over an octave of spectral bandwidth, spannihgST [19]. This was accomplished by phase-locking both the
from 520 to 1070 nm. repetition rate and offset frequency of the femtosecond-comb
The repetitive train of pulses produced by a stable mod&- high-quality synthesizers referenced to a 5-MHz signal
locked laser appears in the frequency domain as a comb of gisevided by a hydrogen maser that is part of the NIST time
crete modes separated in frequency by the pulse repetition mtale. With f,., and f;, thus fixed, we measure the absolute
Jrep- If the evenly spaced comb of optical frequencies wefeequency of Hg (at the dye laser frequency 532 THz,
extrapolated to zero frequency, there would, in general, be B3 nm, which is one half the transition frequency) and Ca
offset from zero by some amoufy. The offsetf is understood (456 THz, 657 hm) by counting the beatnotes between the CW
as resulting from the difference between the group and phdasers locked to the atoms and a nearby mode of the comb.
velocities for the ultra-short pulse traversing the laser cavifyhese beatnotes d}..; are detected on Si p-i-n photodiodes,

A. Femtosecond Optical-Frequency Measuring System
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amplified by~50 dB, bandpass filtered (bandwidt10 MHz 400
at 200 MHz), and counted. Typically, we achieve a SNR on tt 300
detected beatnotes of about 30—40 dB in a detection bandwi 200
of 300 kHz, which is usually sufficient for reliable counting. 149
The frequencies of the optical standards can then be written g

|| N
fopt :mo.fre1)+f0:tfbeat- g 102 ! ‘+7 <7 t‘
I

The large integerny ~ 5 x 10° can be determined from
T 200 N

knowledge of the approximate optical frequency or by makir
measurements with different values ff,,. In our case fiep -300
is ~1 GHz, so knowingf,; with a precision of 400 MHz or  -400
better unambiguously determineg,. An interferometric mea- o0
surement with a wavelength meter is convenient for this pt

-600

pOSQ . 6/15/94 10/28/95 3/M11/97 7124/98 12/6/99 4/19/01
The results of our measurements of thetHand Ca optical Date
frequencies relative to the Cs primary standard are [19] @)
f(Hg™) =1, 064, 721, 609, 899, 143(10) Hz 00
and )
—AEE 5 x
f(Ca) =455, 986, 240, 494, 158(26) Hz. 8 5
<
Given fractionally, these are E - } --- —{% —————— } _________ { - _{_
3 0 —
- N
Af(Hgh)/f(Hg™) ~9.4 x 107%° 9 S O S { _____ {, % 1
[«2]
and 8 -50 o
<t
Af(Ca)/f(Ca) ~5.7 x 1071 '
“ 100 —|
The Hg' result represents one of the highest accuracy optical

frequency measurements to date. The Ca measurement has tt ! ! ' ! !
. . Oct26  Oct 31 NovS Nov10 Nov15
highest accuracy yet reported for Ca, and is in good agreement Measurement Date
with previous measurements made at the Physikalisch-Tech- ®)
nische Bundesanstalt (PTB), Braunschweig, using a traditional _
optical frequency chain [33], and is also consistent with a r&9- 5. (&) Frequency measurements of laser-cooled Ca optlc_:al frequency
d . f d b tandards over the past five years. The rectangular data points represent
cent Ca measure_men_t made using a femtosecond com [34E ished data from the PTB [33], [34], [57], while the round data points are
summary of the historical record of frequency measurementsrefently reported measurements made in our laboratory [19]. A harmonic
laser-cooled Ca frequency standards is shown in Fig 5 frequency chain was used for the PTB measurements prior to 1999, while
h . fth Its b lab o femtosecond optical combs were used by both laboratories for the measure-
) The ConS}Ster_]Cy of the Ca results between laboratories, OMfehts made in 2000. (b) Expanded view of our measurements taken in
time, and with different apparatus demonstrates the good rep@etober and November 2000. Our data points represent daily averages of about
ducibility of these standards with respect to the Cs primary fréen measurements, with an average duration of_ about 400 s each. On both
plots, the vertical axes are in hertz and are relative to the mean value of our
guency standards.

i measurements.
Very recently, we remeasured the Hdrequency with re-

spect to the NIST-F1 primary standard. Our new measuremgii second by the Cs primary standard. Even withi@ Hz
new measurement, the femtosecond-optical comb was confighe interval of 169 days provides an improved limit on any rel-

ured slightly differently, but the results are in excellent agreggive time variation of the Ht frequency compared to the Cs
ment. In August 2000, the statistical uncertainty of the meggafinition of the second: thus

surement of the HY (1064 THz) frequency wa%2.4 Hz, and
for the measurement of February 9, 2001, it wak7 Hz. The 1/ frag+ (Ofgr /0t) = (+0.6 £3) x 10 4yt
measurement imprecision is determined in part by the maser in- | ) )
stability combined with our averaging times, and in part by tna'Milarly, our Ca measurements combined with the PTB mea-
accuracy determination of the Cs primary standard, which coptirements from 1997 shown in Fig. 5 give
tributes aboutt2 Hz at 1064 THz. _ 1/ fea(fca/Ot) = (42 £ 8) x 10~ 4y

The excellent agreement of the Hgneasurements over time
is very encouraging. We also note that the experimental data asgpreviously reported [19]. Herrepresents “time” as defined
well clustered within thet10-Hz absolute uncertainty that hagy the Cs definition of the second. We implicitly assume that
been assigned based on theoretical arguments in lieu of a camy temporal variation is linear over the duration of these mea-
plete accuracy evaluation [19]. Further improvements in this afarements. This type of absolute frequency intercomparison can
solute frequency measurement will rely on an accuracy evallee combined with theoretical models to put some constraints on
tion of the Hg" standard and improvements in the realization gfossible time variations of fundamental constants [35]-[39].
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Fig. 6. Hg" frequency measurements versus the date. These measurements concs

occurred in two groups: August 2000 and February 2001. Each data point (@)
corresponds to a daily average of the frequency measurement corresponding

to typically 3000 s of total time-averaging per day. The error bars indicate LE13
the statistical uncertainty of the daily measurements and the two dotted line: ™
indicate thet10-Hz uncertainty assigned to the Hgstandard in lieu of an
accuracy evaluation.

Hg' and Ca lasers relative to the microwave standard, the scatte

. . LE-14
in the frequency measurements was dominated by the short-ter
instability of the H-maser. One of the data runs, from Feb. 9, %
2001, illustrates this point in Fig. 7. N

When using the femtosecond optical comb to measure thi '\\

C. Accuracy Issues and Error Detection »

The accuracy of our optical frequency measurements comelE-15 — -
from our knowledge of the frequency of the maser that servesa, 10 100 1000
the frequency reference for the optical comb. This maser is part (b)
of the NIST time scale and is continuously monitored relative
to the other components of the time scale, which consists of fiz§- 7. (&) The time series of frequency measurements df iHdhertz offset
hydrogen masers and three commercial Cs standards. Apprérg{rg :ﬁen;ﬁ%f;ec,‘;:g;ci'hﬁh%?g THz. The data were taken with a counter

. (and ignoring the dead times in counting of
mately once per month the time scale is recalibrated against heut 150 ms/pt), we calculate an approximated Allan Deviation that shows
NIST Cs primary standard, NIST-F1, a laser-cooled Cs atorﬁ'?é an i'ns'tability consistent with that of the H-maser (within measurement
. . . = uncertainties).

fountain with an evaluated uncertainty [40] a2 x 10'°.
Used in this way, the time scale provides a continuously avail-
able reference with an instability of about210~137-1/2 av- optical beatnote, and the results from the primary counter are
eraging down tow4 x 1016 at 1 day. The absolute frequencythen rejected. This method proves quite effective at eliminating
of the maser is known with a fractional uncertainty of abowdrroneous data where the counters are not giving reproducible
~2 x 107%2, as determined by the periodic comparisons of thresults. Causes of bad counts are usually related to insufficient
time scale to NIST-F1. signal size, or SNR, in the beatnote. The phase-locks control-

To ensure that our measurements are not contaminabed f..,, and f, of the femtosecond comb are also monitored
by erroneous counts or cycle slips, we include redundanesth counters that detect phase-lock errors, as described in [24].
in the counting of the critical beatnotes and phase locks asThe actual performance of the whole system depends on
follows. After photodetection, the beatnote between the opticakny factors; sometimes more than 50% of the data are rejected
frequency standard and a mode of the comb is split into tvixy one of the three counters that are monitoring for counting
paths; the primary path goes directly to the main counter. Tkherors. More commonly, the discarded counts represent a few
secondary path is split into two more paths, one of which gopsrcent of the data. In normal operation, as a tool for measuring
directly to a second counter, while the other goes to a divide-hyptical frequencies, all the synthesizers, counters and digital
four prescaler before going to the other input channel of tiphase locks are referenced to a single 5-MHz signal from a
second counter. Operating the second counter in the ratio mégerogen maser. The performance of the synthesizer that is
gives the ratio of the frequency of the directly counted beatnateed to control (or as a reference to measure) the repetition rate
to the prescaled beatnote. Since the prescalar divides by fasigritically important because its frequency is multiplied by the
the output of the ratio counter should always give a result targe integern in determining the measured optical frequency.
4.0000. If not, this indicates irreproducibility in counting theFor this synthesizer, we need the highest accuracy, lowest phase
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noise, and lowest phase drift that are possible. Though probably b
not optimal, we are currently using an HP8662A for this
purpose. The scatter of the optical frequency measurements
(e.g.,£50 Hz for a gate time of 10 s, Fig. 7) corresponds well
with the instability of the maser multiplied up to the optical
frequency at 1064 THz. This indicates that, at least at this
level, the synthesizer does not further degrade the short-term
stability. Not surprisingly, we have observed that changes in 5
temperature of the RF and microwave components do produce 2 .
time-dependent phase shifts, which appear as small frequency & =
shifts at the optical frequency. For the critical synthesizer, g0 M.
we measure a temperature coefficient of fractional frequency ! ' | L

300 400 500 600
change ot-1 x 10~ for a temperature change of 1 K/h. . .
Pulse Energy Transmitted Through Fiber (pJ)

&
<)
I

]
~
(o]

1

oise Power (dBm/30 kHz)
-m

V. NOISE IN FEMTOSECONDOPTICAL COMBS Fig. 8. Amplitude noise measured on the light (irz@-nm optical bandwidth

. neﬁlr 1064 nm) transmitted through the microstructure fiber is plotted as a
The simple model that we use for the frequency spectrum @fiction of the transmitted pulse energy. This data was taken using a 100-MHz
the femtosecond-optical-comp(m) = fo+me feepp, has been repetition rate mode-locked Ti:sapphire laser with input pulse durations of

verified, at least in the time-averaged counting of optical beﬁ-30 fs. The vertical axis gives the average noise power in a 30-kHz bandwidth
' . . centered near 550 MHz.

notes, by Holzwartlet al.[28]. By comparing two different op-

tical synthesizers based on the same microwave reference, tReyFib er AM Noise

showed that the synthesis process gave the same optical fre- o

guency within a measurement uncertaintysd&f x 10-¢. The As others have, we observe significant amounts of broad-

present reproducibility of our measurements oftHgt3 Hz PandAm noise that appears on the light out of the microstruc-

at 10 Hz) also provides additional assurance of the repr§ire fiber when the femtosecond pulse energy is increased. The

ducibility of optical frequency combs in measuring absolute oplysical origin of the noise has not been studied in detail for

tical frequencies relative to the Cs primary standard. microstructure fibers, but similar effects have been observed in
However, these femtosecond measurement systems are Bgigcom fibers [43]. With the microstructure fiber, we observe

around counting optical beatnotes, and the counting procddat the magnitude of the excesa noise has a threshold-like

gives only the average frequency during the gate interJghavior that grows rapidly for pulse energies ab&a90 pJ

of the counter. It provides very little information about théPulse width=30 fSI)I’ as shown in Fig. 8. I I

fluctuations and noise properties of the signals. As we striveSINCe We tYF"fa y reqwfre appro;(gnatzy C_‘SOO-péepu.ses to

toward the goals of k 10~!2 fractional frequency uncertainty0 tain an .optlca -oqtaye of spectra roa ening, Akenoise

and 1 x 10-67—1/2 instability, we will require detailed from the fiber can limit the SNRs achievable on the detected

knowledge and control of the r'10ise properties of all of th%eatnotes. This noise appears on the full white-light spectrum,

signals. We are just beginning to address these issues, som ngf especially on spectrally resolved regions such as that

s ae s (sch o sht e and thermal ol 1,185 WO e banduh of o fotoceecirs
while others are challenglng technical Ilmltatlon_s. . white and creates a broad noise background under the coherent
The femtosecond-optical comb can be configured in ma

. . : Yonals. The limitations attributed to fibem noise appear
different ways, but typically electronic servo systems are us . ) o .
) . 0 be more serious for lasers with lower repetition rates. This
to control two of the three signalgifac, frep, and fo), while

. . is because the noise increases with pulse energy, while the
the third “unknown” is then measured (counted). In the moi P 9y

bui imol tati f ber of technical ch Berage power is proportional to the pulse energy times the
obvious Impiementations, we 1ace a humber of technical ¢ ?’petition rate. When the excess noise limits the useful optical
lenges that include: nonorthogonality in detecting the sign

dwer that we can send through the nonlinear fiber, a higher
and the servo systems that control them [41], [42], photodio W W Hg ! e, 9

o . i o 1 Epetition rate gives both a higher average power and fewer
limitations, fiber noise, phase noise in amplifiers and COMPRindes in the frequency comb [32].

nents (filters, cables, isolators, etc., are all nonnegligible), com-
bined with temperature and mechanical instabilities. B. fiep Phase Noise
We choose to focus here, and in the laboratory, on thr(_aeThe noise characteristics of.,, are particularly critical,

issues that appear to cause the most critical and challengéri\rgce the connection betweef, and the optical frequency

limits to the Qevelopment of these femtosecond m_Ode'.ka%dthrough the large integen. When the femtosecond optical
lasers for optlcal—frequer_my metrology and synth§S|s. W|th OHbquency comb is configured (as in Fig. 4) wifh, and fo
present systems, these issues are: excess amplitude noise gepa 1o the maser, then phase noise in the maser is multiplied
era'lted' by the non_Iln_ear micro-structure fibers, reS|dua_1I phq§ﬁ to the optical frequency. If the system were to be operated
noise infrep, and limits to the photocurrent and bandwidth 0fg an gptical clock, with the femtosecond laser locked to the
the photodiode that is used to detgcl,. optical beatnote ang}, locked in the usual way, then the output

2Mention of a specific product is for technical clarity only and does not repré:-omes from the repet.ition ragéep' Assuming that the Optical
sent a recommendation; other products may be better suited for this applicatfsequency standard is perfectly stable but the femtosecond
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optical clocks, the femtosecond optical clockwork needs to be
] run in the opposite direction from that indicated in Fig. 4. In
] this case, the optical clock will provide stable frequencies out at
the repetition rate and its harmonig¢..,,. These can be used to
- count time intervals, compare with other frequency standards,
and can serve as a scale of time and frequency.

Ignoring for now the excessv noise from the fiber and the
other issues mentioned above, we still expect that the shot noise
in the detected photocurrent will provide a fundamental limit to
our ability to extractf,., with high precision [41], [45]. Even
though the photocurrent is generated in the detector as very
short pulses, we measure (directly from the laser) a noise back-
] ground consistent with that calculated for the shot noise of the
0 ' "1'00 — 1000 e "1'0,, average detected photocurrent. The large peak power in the op-

Fourier Frequency (z) tical pulses (particularly in 100-MHz system) can cause distor-
quency . . . .
tion of the electrical waveform and spectrum even with fairly
Fig. 9. Measured phase-noise spectral densityf,of for a free-running low average power on the photo-detector. It is thus challenging,
Kerr-lens mode-locked Ti: sapphire laser (’curve “1"). This data was takenfgit possible, to measure the shot noise directly on the pho-
200 M e it armonic o e lasers reptton e For comperhcurrent. However, it can be precisely measured with catrier-
frequency synthesizer. suppression methods and a two-channel measurement system
[46], [47].
\k[\/e can estimate the stability ifi., that should be achiev-

cuvae fit
32 (rad/Hz)

Phase Noise Spectral Density

laser has some intrinsic noise, the servo systems have to lo _ .
to the optical beatnote signal and suppress the noise of e assuming sufficient photocurrent to be above the thermal

femtosecond laser. In this regard, it is interesting to explo?@d amplifier nqise contributions. We e-xpect-a spectrally whiFe
the intrinsic noise characteristics of the femtosecond opticdickground noise due to the shot noise, with a current noise
comb under free-running conditions. With this information igPectral density (ind/vHz) of iy, = /2etay, for an average
hand, we will know what is required of the servo systems fiftected current,,,. This noise adds white phase noise to the
suppress the noise sufficiently to reach a desired stability. \Rignal current,, at thenth harmonic off..,,. The fractional fre-
have measured the noise properties of the detettgdsignal quency instability due to white phase noise in a bandwilifh

for a Kerr lens mode-locked Ti: sapphire laser operating withi @n averaging time, expressed as the Allan deviation is cal-
repetition rate of~100 MHz. The most interesting results aréulated as [45], [48], [49]

shown in Fig. 9. -
For the free-running laser, the phase noisefQy is large v 3S¢1 CAf
at low frequencies and drops rapidly toward higher frequencies 7y(r) = 277N frep

as~3.2/f* (rac?/Hz), as indicated by the solid line in Fig. 9. _ _

The experimental data are the measured phase noise at 900 Mg, for a microwave signal powtgs.a1
derived from the ninth harmonic of the 100-MHz repetition rate. . 25PPM 9(i2 R/2)
An f—* dependence of the phase-noise spectral density implies S;;"“te = L ~en
a random-walk FM process in the laser’s repetition rate. It is Prignal Prignal

also_noteworth_y that the Ias_er’s phasg noise is actually very IPWihe spectral density of phase noise due to two symmetric
at higher Fourier frequencies, dropping below that of a highgise sidebands with power densit™  andR is the load

quality synthesizer for frequenciesl kHz. ~ impedance. Combining these results gives
The phase-noise measurements were made by comgaging
to a stable (900-MHz) signal from an HP8662A synthesizer ref- o 1 6ciayg RAS
erenced to the H-maser [41]. We employed a slow phase-lock oy (7)) ~ 27 fooT Pt
rep signa.

of f.p to @ second HP8662A to remove low-frequency drifts

(addition technical details are deferred to a subsequent pUbliCﬁUSing our present experimental numbers we garner some ap-
tion, but some are provided in [41]). We also observe that theeciation of the seriousness of even the ideal shot-noise-lim-
phase-noise spectral density Bf,, is not identical before and jted performance. As an example, we consider our femtosecond
after the nonlinear fiber, indicating that some additional phaggser with a 1 GHz repetition rate and an average detected pho-
noise is generated by the nonlinear fiber itself. To avoid potegscurrent of=~4 mA. The photocurrent produces a microwave
tial errors that this might cause, we generally measure allsigngiénm power of—~10 dBm in 509 at 3 GHz (the third har-
for the servos and counting after the nonlinear fiber. monic). With a filter bandwidth of 5% (150 MHz at 3 GHz),
, the equation above predicts a shot-noise-limited instability of

C. frep Shot-Noise oot (1) & 3x 101471, Possible methods to improve this sta-

Ultimately we want to operate these standards as optidality include: detecting multiple harmonics, using a very high
clocks locked to the optical transitions, with the output cominigarmonicn, using a high€) resonator [50] to limit the band-
as a stable microwave signal [44]. For these systems to runvadth A f, and measuring pulse timing rather than RF phase.
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Just narrowing the filter bandwidth from 150 to 1 MHz will im- APPENDIX

prove the predicted shot-noise-limited performance to a more ATOMIC STABILITY ANALYSIS
—15._—1 _

acgept.abllewz x 10777 . In any case, _because_ of the shot We estimate the fractional frequency instability of an atomic

noise I|m|tat|on, generat!qg microwave Slg.na|S.W|th high spe'f:r'equency standard at center frequengy assuming: atom

tral purity from the repetition rate will require high-speed pho-r jection noise limited detection, no local oscillator noise

todetectors that can handle high power and that have reasongkﬁ? ' '

Vit h ral ¢ 500 to 1000 Ramsey separated fields excitation. For now, we also
reponsivity over the spectral range from 0 M. assume Ramsey fringes with 100% contrast. The fluctuation

in the number of atoms that have made a transition (atom
VI. SUMMARY projection-noise) is

After many years of development and continued progress in ANy =/ Nop(1 —p)
high-resolution spectroscopy, stable lasers, and atom cooling N - ) o
and trapping, the self-referenced optical-frequency comb pi§herep = transition probability. The signal is given by
vides the missing link to the realization of the next genera-
tion of frequency standards and clocks. The new methods of

femtosecond optical frequency metrology seem well suited f@heren,,,, is the mean number of scattered photons per atom
measuring the absolute frequency of essentially any optical fiat are detected in a single measurement. The total noise from

quency standard with a reproducibility, as demonstrated hefiga atom projection and photon shot noises is
at the level of the present primary atomic frequency standards.

There are, however, some serious fundamental and technical 1
challenges that must be addressed if we hope to realize the next Niot = ”Ph\/NOP <1 —p+t "oy )
factor of 1000 improvement that appears to be possible. o
The frequencies of our Hgand Ca optical standards werdn the atom projection-noise limit, we drop thg¢n,,, term as
measured using a 1-GHz optical frequency comb and the snall, and the total noise from one side of the atomic resonance
sulting values are in good agreement with previous measubecomes
ments. In the case of the Figstandard, the demonstrated repro-
ducibility is at least as good as the present ability to measure ab- Niot = npny/Nop(1 — p).
sol_ut_e fr_equen_cy, which in fractional fre_quengyus x 107, Measuring on one side of the fringe at a detuning from reso-
This is limited in part by the short-term instability of the maser, o5 for a Ramsev timd' produces a signal
combined with the limited duration of our measurements, an(i1 y RP g
largely by the uncertainty of the primary Cs atomic fountain S = Nonp(1 + cos[278Tr])/2.
(=2 x 10719),
Better short-term stability is required to make phase, frélow taking
guency, and timing measurements quickly and to improve
the accuracy of frequency standards. Both the Ca andl Hg
standargs have already demon;trated short-term instr:lbilityv\m(_}reE is the error in frequency tuning, we obtain signéls
thg 10~'° range for averaging times of 1 s and longer. Th ndS_ from opposite sides of the fringe
microwave atomic standards do not have adequate stability

Signal = npLpNg

b=bpte and (50:1/4TR

to fully test the optical standards, so progress on this front Sy, — = Nonpi(1 £ sin[2reTR])/2.
will likely come from direct intercomparisons between optical
frequency standards. The servo signald(S; — S_))/0¢ is derived from a measure-

The tremendous progress in this field during the past twaent of both sides of the fringe, which is just the difference
years brings us to the point that the optical standards are nb@iweens, andS_
pushing hard against the performance limitations of the primary
microwave standards. Furthermore, we see no evidence that the
rate of improvement in optical frequency standards and mead(5+ = 5-) =21 TrnpnNo cos[2rTre| = 27T rnpn No.-
surement systems will be slowing in the near future. As more de
optical standards come into operation, direct intercomparisangise NN, upon processing the signal, is then
should allow us to take advantage of the excellent short-term sta-

Sy — 5_ =npnVysin[2neTg]

bility to explore into the 1017 range of stability and accuracy NN =,/ e FNE,
with reasonably short averaging times. In the longer term, the
improved accuracy and stability of optical frequency standards =npuy/Nolp+(1 = p4) +p-(1 —p-)]-

will have applications in navigation and communications SY§he rms frequency error for a measurement of both sides of the
tems. Following as a natural byproduct will be improved knOWIFringe can then be written as

edge of the fundamental constants, atomic structure, more pow-

erful and compelling searches for time variation of fundamental NN VNo[p+ (1 —p3) +p—(1 —p_)]
“constants,” tests of our theoretical model of space-time, aflfrms = Sy —5_) - 27 TrNo :
fundamental symmetries of nature. 9
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Taking [10]

1

and py =p_~ 5 [11]

A’/Ra,m = E
we obtaindy,,,s which represents the RMS frequency error for a
two-sided measurement, where the averaging tinethe same
as the cycle tim&’,;, and Ny is the number of atoms detected on
one side of the atomic resonance

(12]

[13]
§ AI/Ra,m 1
Vrms = .
s vV 2N0

(14]
For a measurement timethat is longer than the cycle tinig,,

the total number of atoms detected in the measurement is Iargﬁ%]
than Ny by the ratior /T, thus we have

Tc
2N07"
Finally, we can form the expression for stability as given by thg17]

Allan deviation
[ Tc
2N07'.
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Av Ram [16]

61/(T)rms = T

(18]

) _ 61’(T)rms _ AVRa,m

Ty (T 10

o
[19]
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